Thirty-four patients with ambulatory spastic diplegia (ages 10-19.8 years) who were part of a prospective study of selective dorsal rhizotomy (SDR) had standardized radiographs before and after SDR. Follow-up ranged from 5 to 11.6 years after surgery. Two different surgical approaches were used: laminectomy (14 patients) and laminoplasty (20 patients). Radiographs were measured for coronal and sagittal balance. Thirty patients had a spinal deformity at longterm follow-up compared with 10 patients before surgery. Seventeen patients (50%) developed lumbar hyperlordosis greater than 60°. Six patients (18%) developed grade 1 spondylolisthesis, Scoliosis occurred de novo in eight patients (24%) and progressed by greater than 5°in two patients with preoperative scoliosis. No significant differences were found between laminoplasty and laminectomy patients. None of the patients have undergone any surgical intervention for spinal deformity. There was a higher incidence of spinal deformity after SDR than in normals and an historical control population, which warrants clinical and radiographic long-term follow-up.
S
elective dorsal rhizotomy (SDR) is a treatment alternative for the management of spasticity in patients with cerebral palsy. It was popularized in North America in the early 1980s by Peacock et al, 23 who developed indications and prerequisites, including adequate strength and predominant lower extremity spasticity.
Multiple postoperative complications of SDR have been reported in the neurosurgical and orthopaedic literature, including acute postoperative pain, respiratory and genitourinary problems, and long-term problems of hip subluxation, weakness, sensory disturbance, and foot deformity. [1] [2] [3] 12, 13, 19 Reports of spinal deformity after SDR have mostly concerned patients who are nonambulatory with spastic quadriplegia. 10, 20, 24, 25, 32 The role of SDR in causing spinal deformity is difficult to ascertain due to the already high prevalence of spinal deformity in patients with spastic quadriplegia.
We have been concerned that multiple-level spinal surgery and SDR in young patients with spasticity and abnormal motor control could result in spinal deformity. Spinal deformity has been associated with multilevel laminectomy done for a variety of reasons, usually spinal cord tumor in young children. 21, 34 In an effort to reduce potential destabilization of the lumbar spine, laminoplasty was introduced approximately midway through this study. In this procedure the laminae are separated from the posterior elements and mobilized as a flap to provide access to the spinal cord. 27 After the rhizotomy, the flap is replaced and stabilized with sutures in hopes of preserving stability. However, no evidence is yet available to establish the value of this technique. 9 Our study was designed to determine whether selective dorsal rhizotomy is associated with an increased incidence and severity of spinal deformity in ambulatory patients with spastic diplegia. We also assessed whether laminoplasty offered any advantage over laminectomy with respect to spinal deformity.
PATIENTS AND METHODS
The current study included patients from a comprehensive prospective study of 45 consecutive patients who underwent SDR, performed by one surgeon (J.P.), from January 1990 to July 1997. Criteria for rhizotomy included patients with spastic diplegia who were ambulatory with or without assistive devices (Table 1) . Inclusion criteria for this study included all patients undergoing SDR at Shriners Hospital for Children, Portland, with a minimum of 5 years follow-up with adequate preoperative and postoperative standing anteroposterior (AP) and lateral radiographs of the thoraco-lumbo-sacral spine. Of the 45 patients enrolled in the original study, 34 met the inclusion criteria. Eight patients were excluded because follow-up time was less than 5 years, and three patients were excluded because they were lost to follow-up. Mean age at operation was 6.0 (range 3.7-10.9) years. Follow-up was 5 to 11.6 (mean 8.6) years. Thus, patients ranged from 10 to 19.8 (mean 14.6) years at long-term follow up. All parents and/or guardians of children participating in the study provided informed consent as approved by the Shriners Hospitals for Children and the Oregon Health and Science University Institutional Review Board. SDR was performed by two different techniques. Laminectomy involved removal of the dorsal elements medial to the facet joints. Laminoplasty involved osteotomy of the laminae medial to the facet joints. Interspinous and interlaminar ligaments were left intact at all levels except at the caudal end. After the rhizotomy the posterior elements were replaced and wired or sutured in place through drill holes. Fourteen patients had a laminectomy. Laminectomies extended from L1 to L5. Twenty patients had a laminoplasty: 5 from T12 to L5, 2 from T12 to L4, and 13 from L1 to L5. Laminectomies were performed earlier and laminoplasties later in the study; however, patient age or duration of follow-up did not vary significantly.
SDR technique involved separation of the posterior root from the anterior root at L2-S1 levels and subdivision of each posterior root into three to seven rootlets. At each level, up to 48% (mean 42%, range 36-48%) of the rootlets were divided; the selection was determined by both preoperative clinical assessment and intraoperative observations of patterns of muscle contraction and electromyographic activity in response to nerve rootlet stimulation. 23 Postoperative care consisted of hospital admission for 4 to 6 weeks for occupational and physical therapy beginning 3 or 4 days after surgery. 7 This therapy was continued for 1 year after surgery.
Patients had standardized radiographs, including standing AP and standing and sitting lateral projections of the thoraco-lumbo-sacral spine. In the sagittal plane thoracic kyphosis was measured from the endplates of T3 (T4 in some cases for visibility) to T12, and the thoracolumbar alignment was measured in two segments: T10-T12 and T12-L2. Lumbar lordosis was measured from L1 to L5 5, 26 ( Fig. 1) . Sitting lateral radiographs were compared with those in the upright position to assess lumbar flexibility as well as the influence of hip flexion contracture and associated anterior pelvic tilt on lumbar sagittal alignment. Bleck's sacrofemoral angle 6 was measured in the standing film to provide a radiographic assessment of hip flexion deformity (see Fig. 1 ). Scoliosis was measured by Cobb angle on the AP radiographs; more than 10°was used as the definition of scoliosis. 8, 17 The above measurements were made by two of the authors (M.B.J., L.G.). The results obtained were stratified into normal-range and beyond- normal-range groups according to available age-and diseasematched figures. 14 Clinical examination was also performed, including maximum passive hip extension (Thomas test), maximum knee extension, and popliteal angle. Kinematic data were obtained using standard five-camera Vicon hardware and software. 29 Kinematic parameters included in this study were maximum hip extension in early stance and maximum pelvic tilt.
Statistical comparisons were made between preoperative and long-term follow-up, and patients were also stratified based on whether they underwent laminectomy or laminoplasty. Data were analyzed with two-way repeated-measures analysis of variance tests (ANOVA) or t test using StatView v5.0 and SuperAnova v1.11 software (SAS Institute, Cary, NC). Statistical significance was set at P < 0.05.
RESULTS
Preoperatively there were 10 patients with a spinal deformity (7 with scoliosis, 2 with grade 1 spondylolisthesis, and 1 with lordosis in the lower thoracolumbar spine T12-L2). At long-term follow-up there were 57 spinal deformities in 30 patients: 10 patients had one deformity, 14 had two deformities, 5 had three deformities, and 1 had four deformities (lumbar hyperlordosis with thoracic and upper and lower thoracolumbar kyphosis).
Scoliosis
The number of patients with scoliosis increased from 7 before surgery to 14 (44%) at long-term follow-up (Table 2) . Preoperative Cobb angles ranged from 11°to 19°; only two skeletally immature patients progressed postoperatively by greater than 5°(one from 19°to 24°, the second from 11°to 18°). No curves regressed. Of the eight patients with new scoliosis, two curves exceeded 20°(21°and 26°; the latter patient is skeletally immature) (Fig. 3) . No patient had a curve greater than 26°. Statistical analysis failed to show any significant difference between the mean Cobb angles comparing preoperative values to long-term follow-up.
Spondylolisthesis
Two patients (6%) had spondylolisthesis of grade 1 severity before surgery (see Table 2 ). At long-term follow-up there were eight patients (24%) with grade 1 severity, and no patients had worse than grade 1. This result was close to statistical significance. Three patients with spondylolisthesis also had hyperlordosis, but five patients did not, so there was no relationship between spondylolisthesis and excessive lordosis.
Sagittal thoracic alignment
No patients had thoracic kyphosis exceeding 55°before surgery, while three patients had thoracic kyphosis greater than 55°at long-term follow-up (see Table 2 ). The mean thoracic kyphosis did not change significantly between preoperative and long-term measurements.
Sagittal thoracolumbar alignment
Mean values for the upper thoracolumbar spine (T10-T12) did not change significantly from before surgery to longterm follow-up, although three patients exceeded the upper limits of kyphosis on follow-up (see Table 2 ). Lower thoracolumbar spine (T12-L2) values were widely spread at long-term follow-up, with one patient showing significant lordosis and nine patients with kyphosis. Overall the mean values did not change significantly.
Sagittal lumbar alignment
Significant changes were found in the lumbar spine. Before surgery 17 patients had lordosis values less than 20°; the mean for the entire study group was 19°. At long-term followup the mean had increased to 54°, with 17 patients (50%) having lordosis exceeding 60°.
Hyperlordosis was examined further (Table 3) . A comparison was made between patients who showed a lordosis greater than 60°and those with less than 60°. The patients with hyperlordosis had a longer average follow-up and hence were statistically older compared with patients with normal lordosis (P = 0.0379). In most of the hyperlordotic patients (11/17) the lumbar lordosis was flexible, with sitting values reducing to less than 60° (Fig. 3) . Two patients had more rigid lordosis (patient 1, 84°standing, 63°sitting; patient 2, 77°standing, 68°s itting) (Fig. 2) . Subtracting the sitting lumbar lordosis from the standing value gave an indication of the flexibility of the lumbar spine. There was no statistical difference between the hyperlordotic patients and normal lordosis patients with respect to the flexibility of their lumbar curves.
Passive range of motion
There was no difference between the hyperlordotic and normal lordosis patients with respect to the clinical values of hip flexion contracture (Thomas test), maximal knee extension, or popliteal angles (see Table 3 ).
Motion analysis
There was no significant difference between hyperlordotic and normal lordosis patients with respect to maximum extension of the hip in gait and maximum pelvic tilt. Both groups showed increased anterior pelvic tilt compared with age-matched normal subjects (see Table 3 ). Mean maximum hip extension in stance phase was comparable to a group of normal subjects (see Table 3 ) (unpublished data, Sienko Thomas, 2002) .
Sacrofemoral angle
A difference was found between the groups with respect to sacrofemoral angle (see Table 3 ). Those with hyperlordotic lumbar spines had significantly reduced sacrofemoral angles. Forty-five degrees is considered to be the normal figure for this measurement.
Laminectomy versus laminoplasty
No statistical difference was found between patients treated with a laminectomy technique versus those treated with laminoplasty with respect to scoliosis or any of the sagittal alignment measures (Table 4) .
Back pain
Data concerning back pain were collected by retrospective review of the patient charts; these were the only data not collected in a prospective and standardized fashion. Ten patients described pain in the low lumbar spine at clinical reviews more than 5 years after rhizotomy. No correlation was found between reported pain and spondylolisthesis (3/8 patients with spondylolisthesis). There was no correlation between pain and hyperlordosis (4/17 hyperlordotic patients), nor between laminectomy versus laminoplasty (5 patients with pain in each operative group). Only one patient required short-term management of low back pain with an orthosis. None of the patients in this study have required any procedure on their spine subsequent to selective dorsal rhizotomy.
DISCUSSION
This study represents the only series assessing the incidence of spinal deformity following SDR in ambulatory patients with spastic diplegia. Other reports have included sig- 
Scoliosis
Experimentally, scoliosis can be induced by unilateral selective posterior rhizotomy. 30 Scoliosis is also observed as a postlaminectomy complication in patients with conditions other than cerebral palsy, such as spinal tumors. Quoted incidences are as high as 31%. 31 We found an incidence of scoliosis in 44% of patients at long-term follow-up. The natural history for the development of scoliosis in children with spastic diplegia is not well described, and most studies are of institutionalized nonambulatory spastic quadriplegic or severe diplegic patients. Rosenthal et al assessed 50 ambulatory children with cerebral palsy and found an incidence of 38% scoliosis, but only 2% greater than 40°. 28 Balmer and MacEwen reported 21% of a group of spastic diplegic patients with greater than 10°and 6% greater than 30°scoliosis. 4 Peter et al reported 9 out of 55 (16%) patients with scoliosis after an average of 4.5 years after SDR; 6 of these patients had total body involvement cerebral palsy. 24 Of the 53 patients described by Turi and Kalen, 3 had scoliosis before SDR, and at an average follow-up of 5.3 years, 15 patients had scoliosis; 64% of their patients were non-ambulatory. 32 It appears that the incidence of scoliosis in our patients (44%) was greater than expected in patients with spastic diplegia and higher than previously reported following SDR. Since many of our patients are still skeletally immature, it is possible that the incidence as well as the magnitude of scoliosis may increase with time.
Lordosis
Harada et al 14 found a mean lordosis of 54°in spastic diplegic patients compared with 45°in control patients, and also found lordosis to increase with age in spastic diplegia in contrast to controls, who did not change. They attributed this finding to hip flexion contracture and anterior pelvic tilt, as demonstrated by reduced sacrofemoral angles. A definition of normal lordosis in spastic diplegia could be estimated as between 29°and 73°from their results (ie, two standard deviations from the mean). Six of our patients (18%) had lordosis in excess of this age-and disease-matched range.
Peter et al described a 7% incidence of lordosis greater than 50°after a mean follow-up of 4.5 years after selective posterior rhizotomy. 24 Crawford et al described two patients with severe fixed lordosis requiring surgical correction after SDR. 10 Both of these patients had spastic quadriplegia, with one ambulatory before surgery. Surgery for deformity occurred at 3 and 5 years after rhizotomy. Mooney and Millis 20 also described a group of patients requiring spinal surgery after SDR. Deformities in their group of patients included lumbar hyperlordosis (two patients), lumbar and thoracolumbar lordoscoliosis (three patients), and spondylolisthesis (one patient). Only one of these patients was ambulatory with spastic diplegia. We have also seen patients in our institution with spastic quadriplegia who have had rhizotomies done elsewhere with severe lumbar hyperlordosis. These patients underwent corrective surgery.
The literature on the risk of spinal deformity after laminectomy in the lumbar spine is variable. Yasuoka et al found no spinal deformities after six lumbar laminectomies for intraspinal pathology; the follow-up was more than 5 years, but only three of the five patients were available for follow-up. 34 Papagelopoulos et al, with a group of 12 patients under the age of 18 years who underwent thoracolumbar and lumbar multiple-level laminectomies, found six patients with spinal deformity after a mean 14-year follow-up (grade 1 spondylolisthesis Laminoplasty was introduced because of concern that extensive laminectomy in young patients may destabilize the lumbar spine. 27 Previous reports have either not mentioned the operative technique used in SDR or concerned only laminectomy. Cobb and Boop compared the two operative techniques in 35 mostly ambulatory patients undergoing SDR. 9 They found that all patients complaining of pain were in the laminectomy group (4/15 patients); although they stated that there were no spinal deformities in either group, they did not mention that they performed radiographic assessment and had a mean follow-up of only 24 months. Our study found no difference in the results of laminoplasty versus laminectomy. Thus, both techniques have an equal risk of spinal deformity. Lordotic deformity after laminoplasty for other conditions has been described, although only in the thoracic spine. 16 Other operative techniques were not evaluated in this study. These involve more limited laminectomy/laminoplasty at the level of the conus, carrying higher neurologic risk but involving less spinal dissection. 22 Long-term follow-up with respect to spinal deformity needs to occur for these patients.
We found only two patients with persistent hyperlordosis of the lumbar spine on a sitting radiograph. For these two patients there are either soft tissue or bone restraints to normal motion of the lumbar spine. The remainder of the patients had flexible hyperlordosis. The flexibility of these curves suggests dynamic or postural deformity. Possible mechanisms include flexion deformity of the hip, weakness of abdominal musculature, or weakness or reduction in spasticity of the hamstrings with persistent overactivity and spasticity of the iliopsoas. The latter is a potential mechanism particularly because the highest level of SDR was L2, clearly leaving the iliopsoas unaffected while weakening the major hip extensors (hamstrings and gluteus maximus). As evidence for hip flexion deformity, sacrofemoral angles were reduced compared with the normal range, described by Bleck as between 45°and 65°. 6 In addition, we found that hyperlordotic patients had significantly smaller sacrofemoral angles (mean 19°vs. 31°for normal lordosis patients).
The hip flexion found in hyperlordotic patients was not a fixed contracture, as evidenced by the clinical examination findings of no significant hip contractures found on the Thomas test. Gait analysis data showed evidence of increased anterior pelvic tilt in all patients after SDR. However, we found that the hyperlordotic patients did not have a statistically significant increase in anterior pelvic tilt or reduced hip extension compared with normal lordosis patients.
A study by McCarthy and Betz found a linear correlation between tight hamstrings and lumbar hypolordosis, especially on a sitting radiograph. 18 The corollary of this finding is the suggestion that the presence of relatively low-tone hamstrings predisposes to anterior pelvic tilt and lumbar hyperlordosis.
We did not find any significant fixed or dynamic contractures of the knee. This negative finding provides some evidence for the possibility of weak tone in hamstring muscles after SDR, although no significant difference in fixed or dynamic contractures of the knee was found between hyperlordotic and normal lordosis patients.
We examined the possibility that lumbar hyperlordosis was occurring as a compensation for junctional kyphosis occurring in the lower thoracolumbar segments as a result of laminectomy or laminoplasty, but no such correlation was found.
Spondylolisthesis
Harada et al found a 4% incidence of spondylolisthesis in a group of children with spastic diplegic; they also found 21% with spondylolysis of L5. 14 Hennrikus et al found 2% spondylolysis and 2% spondylolisthesis in a group of ambulatory patients with cerebral palsy. 15 Peter et al observed 9% of spastic diplegic patients following SDR with spondylolysis or spondylolisthesis (only two patients with grade 1 slip, four of five were ambulatory). 24 They also found some correlation between spondylolisthesis and hyperlordosis. A subsequent paper by this group found an incidence of 6% of grade 1 spondylolisthesis. 25 Our observed incidence was 24% for this condition, which is higher than expected in spastic diplegic patients. Spondylolisthesis can occur after extensive lumbar laminectomy, 33 particularly if the facet joints are violated. Great care was taken in our patients to ensure that the facet joint and its capsule were left intact. A persistent hyperlordotic spine could be a causal factor in the development of spondylolisthesis, even though we did not find a statistical correlation between excessive lordosis and spondylolisthesis.
Further study of this group of patients with gait analysis, including data from truncal position, may help to elucidate the pathophysiology of this deformity. Methods for establishing the relative strength of muscle groups (abdominal, spinal extensors, hip flexors and extensors) would be helpful. 11 In conclusion, although none of our patients have required surgical correction as yet, the high incidence of spinal deformity in this group of ambulatory patients with spastic diplegia following SDR gives cause for concern. All patients who have undergone SDR should have continuing radiographic assessment of the entire spine both in the frontal and sagittal plane.
